INTRODUCTION
Phenylketonuria (PKU, OMIM 261600) is the most common inborn error of amino-acid metabolism in Caucasians, where 1 in 10 000 individuals is affected (carriers 1/50). 1 The incidence of the disorder in Andalusia population (South of Spain) is 1 in 12 000 with a carrier frequency of 1 in 55. 2 It is caused by alterations of the PAH gene coding for L-phenylalanine-4-hydroxylase (PAH, EC1.14.16.1). The PAH locus includes 13 exons and spans 90 kb. There are more than 700 different allelic variants known to affect enzymatic activity at this locus. Every exon, and most introns, has at least one known mutation (http://www.pahdb.mcgill.ca). About one-third of the mutations produce non-clinical elevation of blood phenylalanine levels (benign hyperphenylalaninemia (HPA)). Among the remaining two-thirds that lead to PKU, more than half are missense mutations leading to amino-acid substitutions and cause reduced or no enzyme function by a variety of pathogenetic mechanisms. Other types of mutations include nonsense mutations, small insertion or deletions, splicing defects. Large deletions have also been recently described. [3] [4] [5] A broad spectrum of the PAH deficiency phenotypes can be found: benign HPA, mild PKU, moderate PKU and classical PKU. A subset of the patients exhibit cofactor (BH4) responsiveness depending on the genotype. 6, 7 Genotype-phenotype correlations have been extensively analyzed revealing they can be a strong and reliable predictive tool. 7, [8] [9] [10] Accordingly, depending on the specific genotype, a better-tailored diet and the potential BH4 responsiveness can be established. Almost 1200 genotypes associated with BH4 responsiveness are described and listed in the BIOPKU database (www.biopku.org/biopku). As extensively shown by expression analysis in different systems, a decrease in protein stability associated to missense mutations is the main molecular pathogenic mechanism in PKU and the determinant for phenotypic outcome and BH4 responsiveness, which is mainly due to a stabilizing chaperone effect of the cofactor. 11, 12 Although residual activity for each mutation has been established in vitro, there are situations without coincidence between the residual in vitro activity and the clinical phenotype of the patient. Even brothers with identical genotype can exhibit different clinical phenotypes. 13, 14 In addition, about 75-85% of the PKU patients are compound heterozygotes 15 and at the end clinical and biochemical phenotypes depend on the interaction between the proteins produced by both alleles. Differences in the responsiveness to BH4 and in the correlation between genotype-phenotype could also be partially due to differences in the management, clinical criteria and environment.
A marked genetic heterogeneity in PAH mutations has been observed in different populations. Although the information in PAHdb (for B450 variant alleles, carried on 48000 independent human chromosomes) is already quite extensive, some populationspecific information is still missing on the web site (http:// www.pahdb.mcgill.ca). The p.R408W mutation is the most prevalent mutation worldwide, whereas its allele frequency varies considerably within Europe, being o5% in Southern Europe, [16] [17] [18] while IVS10-11G4A (c.1066-11g4a) mutation is the major PKU-causing mutation throughout the Mediterranean region. [18] [19] [20] In the oriental population a different mutational profile is observed. 21 In Spain there are also significant regional differences in the mutational spectrum, reflecting the genetic ancestry of each geographical region. 17 The approach from the clinical and biochemical parameters to the gene mutations should improve our knowledge about the PAH gene, its alleles and their significance. Descriptions from areas with genetic diversity but homogeneous clinical approach seem to be relevant. In this report we present the mutational spectrum of PAH patients in the Andalusian population compared with the rest of Spain and other countries in Europe. We describe the genotype-phenotype relationship and evaluate the response to BH4 to expand the knowledge of the molecular epidemiology of the disease and the BH4-responsive genotypes.
MATERIALS AND METHODS Subjects
Patients were evaluated for diagnosis and treatment at the Congenital Metabolic Disease Unit, Hospital Virgen del Rocío of Sevilla, between January 1980 and January 2010. This unit controlled Andalusian patients during that period as a reference center for this disease. Andalusia, region to the South of Spain, has 10 000 000 inhabitants and represents 22% of the Spanish population. We detected in this period 179 patients (78 male and 91 female) of the Andalusian community whose cut-off value for phenylalanine is 180 mM. Most were studied as part of the PKU screening program in the neonatal period, launched in the year 1979 in Seville, but some were studied also after presenting psychomotor delay or because they had a relative diagnosed with HPA. Abbreviations: null, predicted null activity; PAH, phenylalanine-4-hydroxylase; PKU, phenylketonuria; ?, unknown.
Overall, we studied 147 patients (among them seven pairs of siblings). Patients with transient HPA (two patients) or with HPA due to a defect in the synthesis or recycling of the cofactor BH4 (two patients) were excluded. Blood phenylalanine concentrations at diagnosis and/or dietary tolerance at 5 years of age and genotype were assessed in all the patients, and their answer to BH4 loading test was assessed in 96 of them.
This study was approved by the local Ethics Committee, and informed consents were obtained from the patients or from their parents.
Type of HPA
Patients were classified according to their levels of phenylalanine at diagnosis and/or dietary tolerance at 5 years old in classic PKU (PheX1200 mM, tolerance p350 mg per day), moderate PKU (Phe between 600-1200 mM, tolerance 350-600 mg per day), mild PKU (Phe between 300-600 mM, tolerance 600-800 mg per day) and benign HPA (pheo300 mM on a normal diet).
Genotype analysis
Genomic DNA of patients and their families was obtained from whole blood samples. Genetic analyses were performed at the Centro de Diagnó stico de Enfermedades Moleculares, Universidad Autó noma de Madrid, by a combined approach using Denaturing Gradient Gel Electrophoresis and direct sequencing using the BigDye Terminator v.3.1 (Applied Biosystems, Foster City, CA, USA) kit and capillary electrophoresis with a genetic Analyzer ABI Prism 3700 (Applied Biosystems). Patient samples where only one causative mutation was identified were subjected to MLPA analysis (SALSA MLPA P055 PAH Probemix, MRC-Holland, Amsterdam, The Netherlands) to exclude large deletions/duplications.
PAH residual activity for each mutant protein was assessed from data compiled in the PAHdb (www.pahdb.mcgill.ca) and/or BH4db (www.bh4.org).
BH4 loading test
The BH4 loading tests considered in this study were performed between 2005 and 2009. The initial stage of the protocol considered a reduction of at least 50% in blood Phe 24 h after a load of L-Phe (100 mg kg À1 ; Nutricia S.R.L., Madrid, Spain) and subsequent intake of (6R)-BH4 (20 mg kg À1 ; Schicks Laboratories, Jona, Switzerland) 3 h later as the criterion for considering an individual to be BH4 responsive. 22 PKU patients who did not meet the aforementioned criterion for responsiveness subsequently underwent the therapeutic test to confirm whether non-responders in the 24-h test were indeed non-responders to BH4 treatment. This second stage of the protocol entails administering a BH4 dose of 20 mg kg À1 per day for 1 week and a daily protein intake meeting patients' age-and sex-specific RDAs. A Phe level, at the end of this period, remaining below a defined threshold (o360 mmol l À1 for individuals o6years of age; o480 mmol l À1 for those 6 to o10 years of age, and o600 mmol l À1 for those 410 years of age) was considered a positive result in the therapeutic test.
Prediction of BH4 responsiveness according to the genotype was established (www.bh4.org and www.pahdb.mcgill.ca).
RESULTS
According to the phenotype, 32 (21.8%) of the 147 patients were classified as benign HPA, 18 (12.2%) as mild PKU, 38 (25.8%) as moderate PKU and 59 (40.1%) as classic PKU. Genetic analysis resulted in the identification of two deleterious mutations in all patients but six in whom only one causative mutation was identified after sequencing all exons and excluding large deletions by MLPA analysis.
The mutational spectrum includes 65 distinct mutations, 45 (69.2%) corresponding to different missense mutations leading to amino-acid substitutions, 9 (13.8%) splicing errors, 6 (9.2)% are nonsense mutations and 5 (7.7%) are small deletions (Table 1) . Mutations were identified in all exons except number 13; exon 7 exhibits the greatest number of different mutations (15) and is affected in 15.9% of the total mutant alleles.
Among the 294 alleles analyzed, only the common Mediterranean mutation, IVS1011 g4a (c.1066-11g4a), displayed a relative high frequency of 10.9%. The sum of another seven mutations accounts for 38.1% of all mutated alleles (in order of frequency p.S349P, p.V388M, IVS4 þ 5g4t (c.441þ 5g4t), p.I65T, p.R261Q, p.R261P and p.A403V) ( Table 1) Table 2 ). The majority of patients display compound heterozygosis for two different mutations, and only 24 (16.3%) are homozygous. Genetic analysis in parents confirmed that the patients are homozygous. Among these, 25% (6 cases) present the IVS10-11g4a mutation, 5 patients are homozygous for p.S349P, 3 patients for IVS12 þ 1g4a and 2 patients for p.R408W.
Regarding the enzymatic activity associated to each mutation, thus determinant of the theoretical clinical phenotype of each patient, 41.5% are associated with a null to very low PAH activity (o10-15% in vitro enzyme activity), 20% with a moderate enzymatic activity (15-30% in vitro enzyme activity) and 30.9% with a high residual activity (430% residual activity) ( Table 1) . Among homozygous patients, those carrying severe or null mutations (IVS10-11g4a, p.S349P, IVS12 þ 1g4a, p.R408W, p.P281L) were classified as classic PKU. However, although a good genotype-phenotype correlation is observed, there is no exact correlation for 8 of the 19 repeated genotypes (Table 2) . In 96 PKU subjects (18 mild PKUs, 32 moderate PKU, and 46 classic PKU) BH4 challenge was carried out. The test was positive in 29 patients and no response was found in 67. Some of the responsive genotypes have been reported in a previous study aimed at evaluating the protocol for detecting BH4 responsiveness and the population to be tested. 22 All patients with mutations previously associated with BH 4 responsiveness in the two alleles had a clear positive response to the test, except p.20 with moderate PKU and homozygous for p.V388M, who exhibited 40.41% decrease in Phe levels 24 h after the challenge (Table 3) .
Phenylketonuric patients who did not respond in the 24-h test, underwent a second stage of protocol for 1 week. This test was positive in two others patients (p22 and p23) who had a decrease phenylalanine levels between 40-50% with the 24-h test.
DISCUSSION
We report the mutational spectrum of PAH deficiency in a cohort of 147 patients from Andalusia, exhibiting a high genetic heterogeneity, with 65 different mutations, most of them falling into the category of missense types. The results are in accordance with previous reports from South European patients, 16, [23] [24] [25] [26] except for the Turkish population where there is a high rate of consanguinity, 7 and are clearly different form North and central European countries, where the prevalent mutations are IVS12 þ 1g4c and p.R408W. 14, 27 Interestingly, the mutational spectrum in Andalusia is quite different from the one observed in the closely related Moroccan population, where the most frequent mutation was p.G352fsdelG found in 62.5% of the PKU alleles in an preliminary study. 28 However, the second most frequent mutation after IVS10-11g4a in our population is p.S349P, which is particularly common in North African Jews with PKU. 29 Four novel mutations were identified in five patients: p.L258P in two patients and p.E66K, p.R155C and p.P122S in one patient each. These mutations are associated with mild phenotypes and with a positive response to BH4; p.L258P is present in two mild PKU homozygous patients; p.E66K is in compound heterozygosity with the functionally null mutation p.S349P; p.R155C is combined with the severe mutation p.G289R also in mild PKU patients; and p.P122S is in compound heterozygosity with the mild mutation p.D415N. (In this case both alleles could be contributing to the mild phenotype and BH4 responsiveness, also taking into account the mutation p.P122Q affecting the same amino acid has been reported in some cases to be associated to a positive BH4 response (ref. BIOPKU)).
Overall, there is a good genotype-phenotype correlation taking into account previously reported associated phenotypes and residual activities of the mutant proteins, with patients carrying null mutations in both alleles showing the highest degree of concordance with the most severe phenotypes as previously reported. 10 However, there are siblings with identical genotype exhibiting slightly different phenotypes (patients have been re-evaluated) according to the standard classification, confirming previous studies regarding interindividual phenotypic variability, which could be due to genetic and non-genetic factors affecting processes such as intestinal absorption, hepatic BH4 20 and Phe metabolism or cellular protein quality control managing mutant PAH proteins. 14, 15, 30 Regarding BH4 responsiveness, previous studies have shown that the genotype is the main determinant. The present study with patients from south Spain reveals that having on both alleles a mutation not associated to BH4 response is a reliable predictor of the absence of BH4 responsiveness. On the other hand, 95.5% of the responsive patients carry at least one missense mutation previously associated to the BH4 response. All these patients have mild PKU. In addition, it is interesting to note that the rate of decrease in Phe levels and the lowest values achieved vary between patients with different genotypes but appears to be similar in patients with the same genotype. These data differ from the conclusions of some studies stating the difficulty in predicting accurately the degree of BH4 responsiveness based on the genotype, as patients with the same genotype exhibited different responses to the BH4 challenge. 31, 32 This inconsistency within the same genotype could be due to non-standardized BH4 loading test, in fact an important difference of these studies compared with ours is the variability in the BH4 loading test in the different centers included in the study. 32 Increased protein breakdown due to a catabolic condition of the patient during the test could also influence the results.
In conclusion, a spectrum of 147 disease-causing mutations in Andalusian subjects with PAH deficiency was identified. Sixty-five different mutations including four novel ones were identified. A good correlation between the genotype and biochemical and BH4-responsive phenotype was observed. It is important to perform a standardized wellcontrolled BH4 load test in large cohort of well-studied patients to definitely assess BH4 responsiveness associated to each genotype.
